this study addresses whether asthma and/or hay fever predict fertility and impaired fecundity. the lifetime number of pregnancies (fertility) and spontaneous pregnancy losses (impaired fecundity) in 10,847 women representative of the U.S. population 15 to 44 years of age with histories of diagnosed asthma and/or hay fever are analyzed in the 1995 National Survey of Family Growth using multivariable poisson regression with multiple covariates and adjustments for complex sampling.
The increased prevalence of allergic respiratory disease worldwide [1] [2] [3] is attributed in part to atopic women having more pregnancies resulting in live births than nonatopic women 4 as both successful pregnancy 5, 6 and allergic diseas 7, 8 are associated with a type 2 (T2) immune response endotype i.e., group 2 innate lymphoid/adaptive T helper 2 cell immune response 9, 10 . The National Survey of Family Growth (NSFG) is a cross-sectional survey representative of the U.S. population of women of reproductive age 11 . Questions pertaining to asthma and hay fever were requested by one of the authors (PCT) to be included in the 1995 NSFG to explore the relationship of allergic phenotype to fertility/fecundity. Fertility is defined as the capacity to establish a clinical pregnancy 12 . Fecundity is defined as the capacity to have a live birth 12 .
Although prior studies addressed fertility in women with asthma, these studies conceptualized fertility from different perspectives, analyzing live birth rates 13 , currently defined as fecundity 12 or analyzing time to pregnancy >1 year 14 , currently defined as infertility 12 . While both of these approaches provide important information, they do not address the process leading from pregnancy to pregnancy loss and thus are not comparable to the current analysis.
We previously studied predictors of spontaneous pregnancy losses in women with asthma and/or hay fever based on their most recent singleton pregnancy 15 . The current study conceptualizes birth outcomes as a two-step process, becoming pregnant and carrying the pregnancy to term. Our previous study included only one pregnancy and its outcomes, it did not consider the possible contribution of asthma to the process of becoming pregnant or evaluate the contribution of the number of previous pregnancies to these outcomes. As a prior study Statistics. Initial descriptive statistics were used to characterize the sample. Because the average age of first heterosexual vaginal intercourse is 15 20 , the number of years of a woman's potential to become pregnant is calculated by subtracting 15 years from the age at interview. This is akin to mean centering to ensure estimates do not go beyond applicable age ranges. The number of pregnancies per year exposed is calculated for each woman. This rate is used as the fertility outcome. The number of live births per year exposed is calculated for each woman. This rate is the fecundity outcome. The number of spontaneous pregnancy losses per year exposed is calculated for each woman. This rate is used as the impaired fecundity outcome.
Demographic and health variables were added to the analyses as covariates/confounders. Confounders include smoking, age, BMI, race/ethnicity, percent federal poverty index, high school education/GED, and region of residence. Smoking increases the risk of asthma only, decreases the risk of hay fever only 21 while increasing the risk of pregnancy loss 22 . Age impacts the ability to both become pregnant and maintain pregnancy while also influencing the risk of asthma in women 23 . Obesity increases the risk in women of asthma only 15 as well as pregnancy loss 24 . As there is a nonlinear relationship between BMI and pregnancy outcomes, BMI categories were included as covariates with normal weight as the reference group. Race/ethnicity is associated with increased asthma prevalence in blacks, increased prevalence in whites of hay fever only 21 as well as influencing fertility and fecundity 25 . Percent federal poverty index is related to risk of asthma 21 as well as fertility and fecundity 26 . High school graduation/GED status is related to diagnosis of asthma 27 as well as risk of pregnancy loss 15 . Region of residence influences risk of asthma 21 as well as fecundity 28 . Covariates include number of male partners, marital 33 29 , and diabetes 30 are associated with the risk of pregnancy loss. Poisson regression was used to examine the contribution of asthma and/or hay fever to fertility after controlling for covariates/confounders. Covariates and confounders in the analysis included: smoking, age, race/ ethnicity, marital status, region, high school education/GED, income as % poverty index, history of PID, history of hypertension, history of diabetes, BMI, and number of male partners. The potential moderating effect of smoking on the relationship of asthma to fertility was examined by including interaction terms between smoking and asthma/hay fever phenotype into this analysis.
Stratified multivariable Poisson regression analysis was conducted according to smoking status: non-smokers (smoked less than 100 cigarettes in the lifetime) and smokers (smoked 100 or more cigarettes in the lifetime). The analysis of women nonsmokers provided an opportunity to evaluate the relation between asthma/hay fever phenotypes and fertility not confounded by smoking. This analysis included all covariates/confounders from the previous analysis with the exception of the smoking-related variables. The number of smokers/nonsmokers in each asthma/hay fever phenotype ranged between 244 to 775.
Another set of Poisson regression analysis was used to evaluate the contributions of asthma and or hay fever to impaired fecundity. The analysis included only women who had at least one pregnancy that did not end in induced abortion. Initial analyses included examination of the contribution of fertility and of asthma and/or hay fever to impaired fecundity. These were followed by models that included demographic, health, and behavior covariates in addition to these variables. For these analyses, number of pregnancies was a key predictor along with asthma/hay fever phenotype. The covariates/confounders in this set of analyses included: smoking, age, race/ ethnicity, marital status, region, high school education/GED, income as % poverty index, history of PID, history of hypertension, history of diabetes, BMI, and number of male partners.
The potential moderating role of asthma only in the relationship between fertility and impaired fecundity was examined in Poisson regression models by adding an interaction term between asthma only (dichotomous) and number of pregnancies per woman year to Poisson regression with asthma only and number of pregnancies as predictors. The graphs illustrate the interactions of fertility with asthma-hay fever status and with smoking status as predictors of impaired fecundity. These analyses controlled for the covariates and confounders included above. These graphs include estimates of pregnancy losses for 70 and 170 pregnancies per 1,000 woman-years, the 25 th (NP25) and 75 th percentiles (NP75) respectively. STATA version 12 (Stata Corp., College Station, TX) statistical software program svy was used for multivariable analyses. It computes accurate variances that account for the stratified cluster sampling and oversampling of some subgroups in the sampling design of the NSFG. The NSFG data set variable PANEL was included as the cluster variable, COL_STR as the strata variable, and POST_WT as the sampling weight in all analyses. Estimated marginal means were compared using t-tests with Holm's sequential Bonferroni corrections for multiple comparisons. 
Results

Demographics.
A total of 10,824 women in the NSFG represents approximately 60 million US women aged 15-44 years. Of these 66.8% have at least one pregnancy by the time of their interview experiencing a total of 21,325 pregnancies, with the number of pregnancies ranging from 0 to 15 per woman. Demographic, health, and behavioral data for the sample and the population they represent are presented in Table 1 .
fertility (number of pregnancies per woman-year).
Women experienced a mean fertility rate of 106.14 pregnancies per 1000 woman-years (95% CI = 103.0, 109.3). In Poisson regression with all aforementioned covariates, asthma only is a significant independent predictor of more pregnancies compared to women with neither asthma nor hay fever. No significant differences in number of pregnancies are observed in women with asthma and hay fever or hay fever only compared to women with neither asthma nor hay fever. (Table 2 ). Younger age, lower income, and less education (no high school diploma/GED) independently predict higher number of pregnancies per fertile year after controlling for asthma/hay fever and all other covariates. Being married or previously married (compared with never married), Hispanic or non-Hispanic black (compared with non-Hispanic white), being overweight (compared with normal weight), smoking (≥lifetime 100 cigarettes), and having more male partners since puberty also independently predict higher number of pregnancies after controlling for all other covariates/confounders ( Table 2 ). Smoking is also associated with higher fertility ( Table 2 ). Based on these findings, the interactions between smoking and the asthma and hay fever variables were added to the Poisson regression model. fertility in smokers/nonsmokers with asthma/hay fever phenotypes. The significant interaction between asthma only and smoking (β = 0.1590, t = 1.97, 95% CI = 0.0000, 0.3180, p = 0.05) indicates that the presence of both is associated with increases in the number of pregnancies ( Table 2 ). None of the other asthma/ hay fever interactions with smoking were significant. Estimates of fertility (number of pregnancies per 1,000 woman-years) in smokers and non-smokers according to asthma/hay fever status and smoking status, controlling for all other covariates shown in Table 2 , are included in Fig. 1 .
In smokers, there is no significant difference in fertility between women with hay fever only compared to women with neither asthma nor hay fever. Among non-smokers there is also no significant difference in fertility in women with hay fever only or asthma and hay fever compared to women nonsmokers with neither asthma nor hay fever (Fig. 1 ). The pattern of the significance of the relationships of the other covariates from age to number of male partners ( Table 2) to number of pregnancies did not change.
The moderation effect of smoking on the relationship of asthma/hay fever status to number of pregnancies is evaluated using stratified multivariable Poisson regression analyses performed on non-smokers (Table 3) and smokers (Table 4 ). Among women who smoked fewer than 100 cigarettes in their lifetimes (non-smokers), asthma only is not a significant independent predictor of the number of pregnancies per woman year compared to women with neither asthma nor hay fever ( Table 3 ). The relationships of the other covariates to number of pregnancies remains relatively unchanged except for hypertension which predicts lower numbers of pregnancies (Table 3) .
Among smokers, asthma only is a significant independent predictor of increased number of pregnancies per woman year compared to women with neither asthma nor hay fever (Table 4 ). In smokers, hay fever only and asthma and hay fever are not significant independent predictors of the number of pregnancies compared to women with neither asthma nor hay fever ( Table 4 ). The relationships of the other covariates to number of pregnancies in smokers remains relatively unchanged (Table 4 ) compared to the analysis of all women ( Table 2 ).
fecundity (number of live births per woman-year)/impaired fecundity (number of spontaneous pregnancy losses per woman-year).
Fecundity and impaired fecundity were examined using pregnancies that did not end in induced abortions. Pregnancy losses and number of pregnancies (excluding abortion) are Asthma phenotypes and impaired fecundity. Asthma only is analyzed as a contributor to the relationship of number of pregnancies and pregnancy losses. In bivariate Poisson regression analyses, asthma only, operationalized as a dichotomous variable, predicts both higher number of pregnancies (β = 0.2957, t = 6.76, 95% CI = 0.2094, 0.3819, p < 0.001) and higher pregnancy losses (β = 0.6807, t = 5.37, 95% CI = 0.4308, 0.9306, p < 0.001).
The role of asthma only as a moderator of the relationship between pregnancy and pregnancy losses is examined using Poisson regression. With the number of pregnancies per woman-year, asthma only and their interaction as predictors of spontaneous losses per woman-year, their interaction is a significant independent predictor (β = 0.9330, t = 2.03, 95% CI = 0.0283, 1.8380, p = 0.043). The greater the number of pregnancies, the greater the contribution of asthma only to pregnancy losses.
Smoking and impaired fecundity. The role of smoking as a moderator of the relationship between pregnancies and pregnancy losses is examined in Poisson regression. With the number of pregnancies per woman-year, smoking and their interaction as predictors of pregnancy losses per woman-year, their interaction is a significant independent predictor (β = −1.5709, t = −3.42, 95% CI = −2.4760, −0.6658, p = 0.001). The greater www.nature.com/scientificreports www.nature.com/scientificreports/ the number of pregnancies, the lesser the relationship of smoking to pregnancy losses. The relationship of number of pregnancies to the number of pregnancy losses is lower in smokers than in non-smokers.
Rates of pregnancy losses in smokers/nonsmokers. The association of the interaction of smoking
and number of pregnancies per 1,000 woman-years with spontaneous pregnancy losses per 1,000 woman-years is illustrated in Fig. 2 . The estimate of the rate of pregnancy losses among smokers at NP75 is significantly higher than among nonsmokers after controlling for all covariates/confounders. In contrast, there is no significant difference in rates of pregnancy losses of smokers compared to nonsmokers at NP25.
Asthma phenotypes/smoking and impaired fecundity. A multivariable Poisson regression analysis
of number of spontaneous pregnancy losses that includes the four categories of asthma and/or hay fever and all the previous covariates/confounders plus interaction terms for asthma/hay fever categories with number of pregnancies and for smoking with number of pregnancies is present in Table 5 . The interaction of asthma only with number of pregnancies per woman year and the interaction of smoking with number of pregnancies, each are independent predictors of greater number of pregnancy losses per woman-year. None of the other asthma/hay fever categories had significant interactions with number of pregnancies as predictors of number of pregnancy losses. Other significant predictors of pregnancy losses are the number of pregnancies, being older, never being married, having a high school diploma, higher income, PID, and more male partners ( Table 5 ). These findings suggest independent roles of asthma only and smoking in the process leading from number of pregnancies to pregnancy losses.
Rates of pregnancy losses in asthma/hay fever phenotypes. The association of the interactions of
asthma and/or hay fever and number of pregnancies per 1,000 woman-years with spontaneous pregnancy losses per 1,000 woman-years is illustrated in Fig. 3 . At NP75, neither of the estimates of rates of pregnancy losses with asthma only (26.90 ± 2.73) nor of asthma and hay fever (26.45 ± 2.20) are significantly different from the estimate for women with neither asthma nor hay fever [22.10 ± 0.63); t(5924) = 1.84, p = 0.065 and t(5935) = 1.72, p = 0.17, respectively]. In contrast, the estimate of rates of pregnancy losses in women with asthma only at NP25 (14.74 ± 1.81) is significantly higher compared to women with neither [10.84 ± 0.40, t(5924) = 2.38, p = 0.017], whereas the rate in women with asthma and hay fever (14.16 ± 1.41) is not significantly different from women with neither [10.84 ± 0.40; t(5935) = 2.09, p = 0.074]. Although not reaching statistical significance, the rates of spontaneous pregnancy losses for asthma and hay fever are similar to asthma only (Fig. 3) . The contribution of number of pregnancies to pregnancy losses depends on asthma (with and without hay fever) [β = 0.9977, t = 2.97, 95% CI = 0.3359, 1.6596, p = 0.003]. After grouping asthma only and asthma and hay fever together, asthma predicts significantly increased rates of spontaneous pregnancy losses compared with women without asthma after controlling for interactions and covariates/ confounders. Figure 3 illustrates estimated spontaneous pregnancy losses at NP25 and NP75.
Discussion
Fertility findings in the current analysis are consistent with U.S. data. The overall fertility rate of 106.14 pregnancies per 1,000 woman-years is similar to that previously reported 31 . Asthma only, smoking, and younger age are predictors of significantly higher fertility ( Table 2 ) consistent with the highest U.S. pregnancy rate in the age 20-24 cohort 25 . The differing asthma/hay fever phenotypes and their associated endotypes provide an Figure 2 . Estimated impaired fecundity (number of pregnancy losses per 1000 woman-years) according to smoking status and number of pregnancies per thousand woman years, controlling for age, race/ethnicity, marital status, region, education, income, pelvic inflammatory disease, diabetes, hypertension, BMI, number of male partners and number of pregnancies as well as the interaction between asthma/hay fever status and number of pregnancies from the NSFG (N = 9,284). Estimates based on complex samples analysis in Table 5 adjusted for multiple comparisons.
immunologic rationale for the association of smoking and asthma only smokers with increased fertility. Asthma/ hay fever phenotypes differ by age and smoking in their association with allergen skin test positivity 19 . During the early reproductive years (≤24 years old), the clinical phenotypes hay fever only, regardless of smoking, and asthma and hay fever in nonsmokers are significantly associated with aeroallergen skin test positivity (number of positive skin tests) 19 . Skin test positivity to either ragweed or rye grass in the U.S. population (<24 years old) increases the odds of hay fever only 160-200% and skin test positivity to Alternaria increases the odds of asthma and hay fever 860% 32 . Proteases in ragweed, rye grass, and Alternaria aeroallergens can activate a T2 immune response 33 . These clinical phenotypes are atopic, consistent with T2 inflammatory endotypes, respectively termed T2 immune response rhinitis 9,10 and T2-high asthma 34, 35 . T2-high asthma is associated with eosinophilia 36 . The asthma and hay fever phenotype accounts for about 50% of asthma prevalence 37 in women ( Table 1 ) and has been characterized as being mild to moderate in severity 34 .
In contrast, the prevalence of asthma only (without hay fever) in the early reproductive years as well as during the later reproductive years (25-49 years of age) in nonsmokers has a significantly lower association with aeroallergen skin test positivity 19 and include endotypes classified as T2-low asthma 37-39 /non-T2 Type 1 (T1) asthma 34, 40 . The nonatopic phenotype, asthma only, also accounts for about 50% of asthma 39, 41 and "…may be highly prevalent in mild to moderate asthmatics in the general population". 42 Immune deviation from a T2-high asthma to a T2-low asthma/T1 endotype is characterized by biomarkers of neutrophil recruitment e.g., IL-1alpha, IL-6, IL-8 43 , innate immune response dysregulation e.g., IL-23, TNF alpha, interferon, IL-17 [44] [45] [46] [47] [48] , and includes neutrophilic noneosinophilic asthma 49 . Neutrophilic asthma is significantly increased in smokers with asthma compared to nonsmokers with asthma 50 and in previous smokers with severe asthma compared to never smokers with severe asthma 51 .
The proinflammatory T2-low asthma endotype has similar biomarker characteristics to the fetal-maternal interface during implantation. Prior to implantation 52, 53 and in the peri-implantation period the fetal-maternal interface is also characterized by immune deviation to a proinflammatory 54 (IL-1beta, IL-6, LIF, PGE2, CXCL8, IL-17A, TNF) T2-low endotype [55] [56] [57] . Insemination, exposure to semen, initiates a short lived neutrophilic inflammatory (IL-1beta, TNF alpha, CxCL1, IL-17A) internal genital response [58] [59] [60] . The placental cytokines, IL-1beta, IL-6, TNFalpha, as well as increased PGE2 61, 62 , are also associated with early onset (2 weeks after fertilization) pregnancy symptoms e.g., nausea/vomiting 62 . PGE2, a negative regulator of type 2 innate lymphoid cell response 63 , is a mediator of cough variant asthma 64, 65 in whom half studied are nonatopic and nearly two-thirds women 66, 67 . Soluble HLA-G is both a biomarker of the T2-low asthma endotype 68 and a tolerance inducing MHC molecule that facilitates implantation at the fetal-maternal interface 69 . It is found in T2-low severe asthma in whom two-thirds studied were women and fifty percent on oral glucocorticosteroids 68 .
Smoking significantly increases the risk of asthma only in the U.S population 21 and elicits a systemic proinflammatory response [70] [71] [72] including IL-1beta and IL-17 shifted cytokine profiles 73 . Thus deviation towards a T2-low endotype in smokers and smokers with asthma only may be permissive for embryo implantation in the early and prime reproductive years underlying the significantly positive interaction observed between smoking and asthma only (see Results) that predicts an even greater increase in fertility for asthma only smokers compared to other smokers ( Fig. 1 ) and significantly increased fertility in smokers compared to nonsmokers. In healthy women, there is a balance of T2-high and T2-low endotypes during embryo implantation 74 .
Predictors of fertility are consistent with previous studies. Proximate behavioral determinants of fertility include sexual exposure e.g., number of partners, marital/cohabiting status, and contraception 75 . Increased fertility of married women, of non-Hispanic blacks, of Hispanics compared to non-Hispanic whites, lower income, and educational attainment (Tables 2-4) have been reported 26, 76 . In this respect, sexually active Hispanic, non-Hispanic black women, and women with lower education or lower income report lower use of contraceptives 77 . Differences in fertility associated with overweight/obesity may be due to behavioral factors as obese women utilize sterilization as a method of contraception more often 78 , have decreased marriage rates 79 , and a significantly higher risk of lifetime childlessness than overweight women 80 . Smoking is associated with risky sexual/health behaviors 81 , sexually transmitted diseases [82] [83] [84] [85] , number of sexual partners 85, 86 , and failure to use contraception 86 .
The covariates/confounders significantly associated with spontaneous pregnancy losses in the current study (Table 5 ) are consistent with those in previous reports. The percent of women (28.4%) experiencing a spontaneous pregnancy loss (see Results: Fecundity) is similar to the 28% recently reported 87 . Predictors of spontaneous pregnancy losses previously reported include increased age 15, 88 , history of PID 15, 89, 90 , high school graduate 15 (or equivalent) 16 /higher education 88 , never having married 15, 88 , higher income 16, 88 , prior pregnancies 88 , smoking 22 , and number of male partners 91 . Figure 3 . Estimated impaired fecundity (number of pregnancy losses per 1000 woman-years) according to asthma/hay fever status and number of pregnancies per thousand woman years, controlling for age, race/ ethnicity, marital status, region, education, income, pelvic inflammatory disease, diabetes, hypertension, BMI, number of male partners, and number of pregnancies as well as the interaction of number of pregnancies with smoking from the NSFG (N = 9,284). Estimates based on complex samples analysis in Table 5 www.nature.com/scientificreports www.nature.com/scientificreports/ The number of pregnancies is a significant independent predictor of pregnancy losses ( Table 5 ). Women with pregnancy losses i.e., impaired fecundity are less likely to use contraceptives and more likely to have unintended pregnancies 92 . In interviews of women with impaired fecundity who had unintended pregnancies, over 60% of those who became pregnant believe they could not become pregnant or didn't mind becoming pregnant 92 . As ovulation resumes 20 days (median) after a spontaneous pregnancy loss and before the next menses, women may not have the necessary reproductive health information to be aware they may be able to conceive shortly after miscarriage 93, 94 . Thus women with impaired fecundity may not be prepared to use contraception sufficiently early after a miscarriage 95 or have information pertinent to the most effective contraceptive methods 96 .
This study which analyzes history of previous pregnancy losses contrasts with our previous analyses of pregnancy loss based on the most recent singleton pregnancy. In that study, women (including smokers) with asthma only, but not women with asthma and hay fever, experienced an 80% increased odds of spontaneous pregnancy loss compared to those who had neither asthma nor hay fever 15 . Nonsmokers with either asthma only or asthma and hay fever, in that study, also did not have increased pregnancy loss 15 . Similarly, in this study, when individual phenotypes are analyzed, only women with asthma only at the lower number of previous pregnancies (NP25) have significantly increased rates of pregnancy losses (see Results: Rates of pregnancy losses in asthma/hay fever phenotypes). Common to both studies, smoking is an independent predictor of increased fertility ( Table 2) in this study and a mediator with asthma of spontaneous pregnancy loss based on the most recent singleton pregnancy 15 . This pattern of pregnancy loss in our prior study in which the significant increase in pregnancy loss is observed only in women with asthma only that included smokers is similar to the pattern of fertility in this study in which the significant increase in fertility is observed only in asthma only smokers ( Fig. 1) suggesting that the population of women selected based on their most recent singleton pregnancy may be representative of women with the highest fertility.
Increasing age and the moderation of smoking by number of pregnancies predict impaired fecundity ( Table 5 ). This finding may be related to age and smoking associated endotypic changes in asthma/hay fever phenotypes. During the later reproductive years (>24 years old), the association of allergen skin test positivity with the prevalence of hay fever only increases, regardless of smoking 19 . In contrast, there is decreased association of allergen skin test positivity with the prevalence of asthma only as well as asthma and hay fever in nonsmokers after age 24 years compared to earlier reproductive years 19 . These findings suggest greater importance of nonallergic asthma etiologies as contributors to impaired fecundity in women with asthma and hay fever as they age as well as with asthma only.
Examples of nonallergic etiologies of asthma/asthma exacerbations, in addition to smoking, that are also associated with spontaneous pregnancy loss include infectious agents 97, 98 , outdoor air pollution [99] [100] [101] , and indoor air pollution 102, 103 . Indoor air contaminated by phthalates, ubiquitous semi-volatile endocrine-disrupting chemicals e.g., di(2-ethylhexyl) phthalate used as plasticizers in polyvinyl chloride plastics and ingredients in personal care products/cosmetics 104, 105 , result in higher phthalate exposure in women 106 and women of color 107 . Phthalate exposure is associated with an increased risk of endometriosis 108 . Endometriosis also increases the risk of spontaneous pregnancy loss 109 and women with asthma also have an increased risk of endometriosis 110 . The sexually dimorphic increased incidence of nonallergic asthma in young women following puberty 111 has been attributed to fluctuations in endogenous sex hormones as menarche, menstrual irregularity, pregnancy, and menopause as well as exogenous sex hormones (oral contraceptives and hormone replacement therapy) influence asthma exacerbations/remissions 112 . Phthalates in addition to being studied in association with spontaneous pregnancy loss 103 have also been detected in intrafollicular fluid during oocyte retrieval for fertility treatment 113 . Intrafollicular and serum phthalate levels are associated with alterations in levels of serum reproductive hormones e.g., decreased anti-Mullerian hormone 114 as well as follicular ovarian reserve hormones 113 . Decreased anti-Mullerian hormone is associated with increased risk of spontaneous pregnancy loss 115 .
The incidence of nonallergic asthma remains significantly higher in women than men throughout their reproductive years (>20 years old), with both higher incidence and prevalence of nonallergic asthma observed in the later reproductive years (>35 years old) 116 . Nonallergic asthma in young adults is also significantly increased in women and is associated with decreased allergen sensitization and decreased T2 markers consistent with T2-low asthma 117 . Older age, decreased allergen sensitization, and absence of allergic rhinitis are also associated with more severe asthma 118 . Nonallergic asthmatics have increased asthma exacerbations during pregnancy 119, 120 . Airway reactivity associated with sputum neutrophilia is increased in asthmatic women during pregnancy 119 .
Although asthma severity is not associated with increased risk of spontaneous pregnancy losses, uncontrolled asthma (emergency room visits/hospitalization/systemic corticosteroids), especially in women >34 years old is 121 . IL-8 is a biomarker of uncontrolled asthma and is associated with increased blood 122 and bronchoalveolar lavage (BAL) neutrophils 123 , oral/parenteral glucocorticoid unresponsiveness 122 , and reduced pulmonary function 122, 123 . Endotypes of treatment resistant severe asthma include neutrophilic T2-low asthma 43, 49, 124 e.g., T2-low/ Th17-low 43 , T1/Th17 125, 126 which are associated with subclinical bronchial infection, increased IL-8 43 , lower airway dysbiosis 127 , and systemic inflammation 128 .
Immune deviation towards a T2-low asthma endotype in women as they age with asthma and hay fever and with asthma only provides an immunologic rationale for these asthma/hay fever phenotypes being associated with impaired fecundity. Immune deviation away from a T2 endotype 129 at the fetal-maternal interface after implantation contributes to spontaneous abortion and recurrent miscarriage [130] [131] [132] . Thus the nonallergic asthma phenotype, asthma only, which includes T2-low endotypes, might be permissive for embryo implantation facilitating fertility in younger women (Fig. 1 ), but not support gestation (Fig. 3) . As there is decreased allergen skin test positivity associated with the prevalence of asthma and hay fever during the later (>24 years old) reproductive years 19 and as older age is a significant predictor of impaired fecundity (Table 5) , the increased prevalence of nonallergic etiologies, T2-low endotypes, of asthma and hay fever in adult women may account for the increased rate of pregnancy losses in women with asthma and hay fever that is similar to asthma only (Fig. 3) .
Severe neutrophilic asthma that skew towards a Th17 mediated immune response is also observed in a subset of asthma patients 133, 134 . An imbalance in the ratio/function of Th17 (increased) with respect to Treg (decreased) has been observed in asthma 135, 136 including neutrophilic asthma 137 as well as in recurrent spontaneous pregnancy loss 138 .
Immune deviation towards a T2-high endotype at the fetal-maternal interface after implantation contributes to maintaining immune tolerance of the semiallogeneic fetus during normal pregnancy [139] [140] [141] . Thus hay fever only, a T2-high endotype, is consistent with preserved fecundity in women with hay fever only (Fig. 3) .
This study demonstrates the epidemiologic differences associated with fertility and impaired fecundity. Limitations of the 1995 NSFG include self-reports of pregnancies and diagnosed medical conditions, both subject to recall bias. The NSFG data do not include contraceptive use prior to each prior pregnancy, medications used, severity of asthma symptoms, adequacy of asthma treatment, tests of pulmonary function, menstrual irregularity, or polycystic ovary syndrome. Influence of age of menarche and endometriosis are not included in this analysis. The 1995 NSFG did not obtain laboratory samples/biomarkers precluding hormonal or endotype assessment.
Within the broad phenotype/endotype categories discussed, there are complex heterogenous subtypes of asthma 142 including asthma and chronic obstructive pulmonary disease overlap 143 as well as subtypes of allergic rhinitis 144 that will need to be studied in relation to fertility/fecundity. Although subsequent NSFGs have not included questions pertinent to asthma and hay fever, the estimated prevalence of asthma and hay fever from the 1995 NSFG and the other risk factors associated with fertility and/or fecundity observed in this study are consistent with literature cited subsequent to the 1995 NSFG.
conclusions
Asthma only is associated with the increased risks of both becoming pregnant and failing to maintain a viable pregnancy. These effects are confounded by increased fertility and pregnancy losses associated with smoking. The 1995 NSFG sharpens the focus on women smokers with asthma only who have both significantly increased fertility and impaired fecundity compared to other smokers. Women who have asthma or smoke require special attention to reproductive health education, family planning, and smoking cessation as well as optimal asthma/ medical management 145, 146 of their high risk pregnancies prenatally and throughout gestation.
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